In maize (Zea mays L.), chloroplast development progresses from the basal meristem to the mature leaf tip, and light is required for maturation to photosynthetic competence. During chloroplast greening, it was found that chloroplast DNA (cpDNA) is extensively degraded, falling to undetectable levels in many individual chloroplasts for three maize cultivars, as well as Zea mexicana (the ancestor of cultivated maize) and the perennial species Zea diploperennis. In dark-grown maize seedlings, the proplastid-to-etioplast transition is characterized by plastid enlargement, cpDNA replication, and the retention of high levels of cpDNA. When dark-grown seedlings are transferred to white light, the DNA content per plastid increases slightly during the first 4 h of illumination and then declines rapidly to a minimum at 24 h during the etioplast-to-chloroplast transition. Plastid autofluorescence (from chlorophyll) continues to increase as cpDNA declines, whereas plastid size remains constant. It is concluded that the increase in cpDNA that accompanies plastid enlargement is a consequence of cell and leaf growth, rather than illumination, whereas light stimulates photosynthetic capacity and cpDNA instability. When cpDNA from total tissue was monitored by blot hybridization and real-time quantitative PCR, no decline following transfer from dark to light was observed. The lack of agreement between DNA per plastid and cpDNA per cell may be attributed to nupts (nuclear sequences of plastid origin).
Introduction
Given that the chloroplast genome encodes many proteins necessary for photosynthesis, it might be expected that the DNA content per plastid would remain high as leaves mature. Early work with barley, however, showed a decline in plastid transcription during the initial stages of leaf development that was accompanied by a decrease in DNA per plastid due to DNA degradation (Baumgartner et al., 1989) . More recently, it was found that individual chloroplasts in mature leaves can contain little or no detectable DNA (Oldenburg and Bendich, 2004b; Rowan et al., 2004; Shaver et al., 2006) . The rate of loss of cpDNA during leaf maturation varies greatly among species. For maize (Zea mays L.), the decline is rapid, with many chloroplasts retaining no detectable DNA, whereas for tobacco (Nicotiana tabacum L.), pea (Pisum sativum L.), and Medicago truncatula, the decline is gradual, with most or all chloroplasts retaining some DNA in fully expanded leaves (Oldenburg and Bendich, 2004b; Shaver et al., 2006; ). Thus, the cpDNA maintenance machinery might be common among plants, and the point during chloroplast maturation at which that machinery shuts down may account for the differences in cpDNA stability. The retention of cpDNA might be influenced by an intrinsic process, such as one associated with the development of photosynthesis. Alternatively, cpDNA stability might be influenced indirectly, such as by domestication of a wild species.
Light affects the loss or retention of cpDNA. The cpDNA is retained in the leaf blade of dark-grown maize seedlings, and after 3 d of light exposure, the cpDNA content is reduced to a level equivalent to that of lightgrown plants . In M. truncatula the amount of cpDNA in cotyledons increases almost 2-fold within 2 h after dark-grown seedlings are exposed to light, but at 72 h it declines to the similar low level seen for lightgrown seedlings (Shaver et al., 2008) . The degradation of cpDNA is unlikely to be solely dependent on light but may also depend on greening and maturation of the chloroplast because cpDNA is retained in plastids of non-greening maize mutants and white sectors in variegated leaves of rice (Yoo et al., 2009) and Arabidopsis (Kato et al., 2007) . Changes in transcription during the transition of proplastid-to-chloroplast and etioplast-to-chloroplast have been intensively studied for many chloroplast-encoded and plastid-targeted nuclearencoded genes (Bedbrook et al., 1978; Nelson et al., 1984; Lerbs-Mache, 2000; Monde et al., 2000; Lonosky et al., 2004; Cahoon et al., 2008) . The focus, however, has largely been on genes for photosynthetic proteins, not those involved in DNA maintenance. With respect to cpDNA, attention has long been focused on its structure and replication (Bedbrook and Kolodner, 1979; Kuroiwa, 1991; Heinhorst and Cannon, 1993; Kunnimalaiyaan and Nielsen, 1997; Bendich, 2004; Oldenburg and Bendich, 2004a; Day and Madesis, 2007) and only recently on repair and degradation (Sodmergen et al., 1991; Oldenburg et al., 2006; Rowan et al., 2010) . The rapidity with which cpDNA declines after transfer from dark-to-light conditions may provide mechanistic insights for cpDNA maintenance.
The quantification of cpDNA may be accomplished by measuring the amount of DNA in individual plastids or by measuring cpDNA as a fraction of total DNA extracted from the tissue. For individual plastids, correspondence was found for the presence or absence of DNA in isolated Arabidopsis chloroplasts (Rowan et al., 2007) and chloroplasts within single Chlamydomonas zygotes (Nishimura et al., 1999) using DNA-specific fluorophores and PCR. For total tissue DNA, however, the assessment of the amount of cpDNA may be confounded by the presence of organellar DNA sequences within the nuclear genome. Although the presence of such 'promiscuous' DNA has long been known (Timmis and Scott, 1983) , the extent and frequency of the transfer of numts (nuclear sequences of mitochondrial origin) and nupts (nuclear sequences of plastid origin) has only recently been appreciated (Richly and Leister, 2004; Huang et al., 2005; Lough et al., 2008; Kleine et al., 2009; Hazkani-Covo et al., 2010; Roark et al., 2010) . In the B73 inbred line of maize, 49 large segments (>3 kb) of cpDNA were identified by fluorescence in situ hybridization, with many more smaller nupts likely (Roark et al., 2010) . Thus, methods such as blot hybridization and quantitative PCR (qPCR) may not distinguish between nupts and plastidlocated cpDNA, leading to inaccurate assessment of the latter.
The level of DNA in individual plastids is investigated here during the transition from proplastid to chloroplast for three cultivars of Zea mays and two related species, Zea mexicana and Zea diploperennis. It was found that the amount of DNA per plastid declines similarly during development for all of these plants, and thus the loss of cpDNA during development is not a consequence of domestication. The change in maize cpDNA for etioplastto-chloroplast development was also examined using 4#,6-diamidino-2-phenylindole (DAPI) DNA fluorescence for individual plastids and blot hybridization and qPCR for total tissue DNA. With DAPI-DNA, it was found that a rapid decline began after 4 h of light exposure, the point at which the leaves begin to turn green. No change, however, is apparent by either blot hybridization or qPCR. It is shown that DNA per plastid is a more sensitive assessment of change in cpDNA content than is cpDNA per cell. In addition, the apparently reciprocal relationship between plastid-located DNA content and photosynthetic capacity suggests a DNA-degradative consequence of the photosynthetic process. Lastly, the results may explain the conflicting conclusions concerning cpDNA stability obtained with DNA from isolated plastids or from total tissue extracts (Li et al., 2006; Zoschke et al., 2007) because nupts may mask changes in cpDNA content when evaluated using blot hybridization and qPCR.
Materials and methods

Plant materials and growth conditions
The following plants were used: Zea mays L. inbred lines B73 and W22, field hybrid Mycogen 2722, Zea mexicana, and Zea diploperennis. Seeds were obtained from the following sources: B73 was originally from Agricultural Research Service, Ames, Iowa, then propagated annually in our greenhouse; W22 was provided by Thomas Brutnell; Mycogen 2722 was provided by Arthur Oldenburg; and Z. mexicana and Z. diploperennis were provided by Doug Ewing, manager of our greenhouse. Seeds were soaked in tap water overnight before sowing in soil (Sunshine mix #4) and grown in controlled temperature chambers at 24°C with 16/8 h light/dark cycles under fluorescent lights or in continuous darkness.
Isolation procedure for plastids
Juvenile maize seedlings (8-12 d old) were harvested and washed for ;3 min in 0.5% sarkosyl, then rinsed exhaustively in water in order to minimize microbial contamination. The entire first leaf blade (L1) or sections of the stalk (after removal of the coleoptile) were used for plastid isolation. Tissues from the base of the stalk were excised just above the node and from the top of the stalk were excised just below the ligule of L1 (Fig. 1A) . For plastid isolation, the high salt buffer (HSB; 1.25 M NaCl, 40 mM HEPES pH 7.6; 2 mM EDTA, 0.1% BSA) was used without DNase and the dilution buffer (DB; 0.33 M D-sorbitol, 20 mM HEPES pH 7.6, 2 mM EDTA, 1 mM MgCl 2 , 0.1% BSA) Shaver et al., 2006) . In the initial grinding step, 0.1% b-mercaptoethanol was added to HSB, and the tissue was homogenized in HSB using a mortar and pestle. The homogenate was filtered through 1-3 layers of Miracloth and centrifuged at 12000 g for 20 s in a microcentrifuge to pellet plastids. The plastids were then washed once each with HSB and DB. The plastids isolated from leaf samples were further purified on 30/70% Percoll gradients (Oldenburg and Bendich, 2004a, b) . The final plastid pellet was resuspended in a small volume of DB, fixed in 0.8% glutaraldehyde, and stored at 4°C.
White light microscopy and fluorescence microscopy of plastids For each field of plastids, multiple images were acquired using white light (no filter), a DAPI filter (360ex, 450/50em) for DNA, and a G1B filter (546ex/590em) for plastid autofluorescence with a Nikon Microphot-FX epifluorescence microscope equipped with a QImaging Retiga 1300 digital camera and Openlabä image capture and analysis software. An image of an objective micrometer was used to calibrate the field of view. A single field of view on a microscope slide was equivalent to an area of 1403105 lm for a 403 objective and 90370 lm for a 603 objective at the highest resolution (10243768 pixels) of the digital camera and displayed on a computer screen. Using Openlabä, the plastid size (lm 2 ), the mean DAPI-DNA fluorescence intensity (FI), and the plastid relative autofluorescence intensity (aRfl) were determined. The mean DAPI-DNA FI and aRfl were measured as greyscale pixel values from 0 to 1023. The exposure time for image acquisition is typically 0.1 s for plastid autofluorescence. A longer or shorter time was sometimes used, in which case the values were then adjusted using the exposure conversion factor (described below) to give values equivalent to a 0.1 s exposure. For statistical evaluation of significance, the P values given in the tables were determined using a one-way ANOVA with Student-Newman-Keuls multiple comparison and KaleidaGraph4 software.
For quantification of the DAPI-DNA fluorescence in the plastids, four correction factors need to be considered: (i) the background of each field of view (bgFI; background FI); (ii) the plastid autofluorescence 'bleed-through' (cross-over) into the DAPI channel (DAPI AFI); (iii) the 403-603 objective conversion factor (OCF); and (iv) the exposure conversion factor (ECF). For each field of view, an area without plastids or cell debris was measured to determine the bgFI. The DAPI AFI was determined from images of plastids in the absence of DAPI or of plastids that were fixed in 0.8% glutaraldehyde, washed with DB, treated with DNase to degrade the plastid DNA, and then stained with DAPI (Oldenburg and Bendich, 2004b; Rowan et al., 2004) . The DAPI AFI was determined to be 35 pixels for a 603-0.5 s image and 10 pixels for 403-1 s. Most DAPI-DNA images were acquired at a 0.5 s exposure time under a 603 objective, although some were taken at 1 s under 403 (all data for a given experiment were acquired with the same objective). In some cases, multiple images of a single field of plastids were also taken at a higher or lower exposure time to get the optimal image and/or to avoid overexposure. A FocalCheckä fluorescence test slide (Molecular Probes) and images of vaccinia virus particles obtained using both 403 and 603 objectives were used to account for differences in fluorescence intensity. For example, an OCF¼3.52 was determined by OCF 40À1 to 60À0:5 ¼ ðFI-bgFIÞ 60À0:5 4ðFI-bgFIÞ 40À1 Note that although the example seedling shown for 2722 is shorter than for B73 and W22, the average height for the three cultivars was similar. The average seedling height (from the node to L1 leaf tip) was 15.061.0 cm for B73, 13.561.0 cm for W22, 15.562.5 cm for 2722, 15.561.5 cm for Z. mexicana, and 14.061.7 for Z. diploperennis. The scale bar is the same for all five panels. (B-D) Change in cpDNA per plastid with development. Seedlings of (B) B73, (C) Z. mexicana, and (D) Z. diploperennis were grown in 16/8 h light/dark cycles for 9-10 d. Plastids were isolated from three sections of the stalk: bottom (purple diamonds); middle (red circles); top (blue triangles), and the L1 leaf blade (green squares) and the genome copy number per plastid was determined. Each point represents a single plastid. The average seedling height (from the node to L1 leaf tip) was ;15 cm for B73, ;16 cm for Z. mexicana, and ;15 cm for Z. diploperennis. See Tables 1 and 2 for additional statistical information.
Change in plastid DNA with development | 2717 using measurements taken of the same vaccinia virus particles at 403-1 s and 603-0.5 s. The ECF was determined by a method analogous to that used for the OCF, except the images of plastids were recorded at various exposure times. For example, to convert the DAPI-DNA FI measured from a 603-0.25 s image to the equivalent value for a 603-0.5 s image, the ECF used is 1.92 and was determined by ECF 0:25 to 0:5 ¼ ðFI-bgFIÞ 60À0:5 4ðFI-bgFIÞ 60À0:25 using measurements taken of the same plastids at 0.25 and 0.5 s exposures.
Since the data were collected using different objective lenses and exposure times, the following three equations were used to calculate total DAPI FI per plastid for a 0.5 s exposure time under a 603 objective, with units of pixels lm 2 . This allowed for the calculation of genome copy number per plastid (see below).
(i) For DAPI images taken at a 0.5 s exposure under a 603 objective, the total DAPI-DNA fluorescence intensity (total DAPI FI) per plastid is calculated as: total DAPI FI¼(FI-bgFI-DAPI AFI) 60-0.5 3plastid size (lm 2 ).
(ii) For DAPI images taken at a 0.25 s exposure under a 603 objective: total DAPI FI¼ [(FI-bgFI) ). The genome copy number per plastid was determined from the total DAPI FI using a method analogous to that described in Miyamura et al. (1986) and relative to vaccinia virus DNA. The total DAPI FI per virus was determined as 25611 pixels lm 2 (Oldenburg and Bendich, 2004b) . This value was then used to calculate the relative fluorescence intensity of plastid to vaccinia particle, the vaccinia virus equivalents or 'V' units (V¼total DAPI FI per plastidOtotal DAPI FI per particle). Using vaccinia as the standard, the genome copy number per plastid was then calculated by the equation: copy number¼1.523V. The value 1.52 is a constant factor that accounts for the differences in DNA base composition and size between the vaccinia virus and the plastid genomes, and was determined as (%A+T of virus genomeO%A+T of plastid genome)3(bp vaccinia virus DNAObp plant cpDNA), where %A+T is 66.6 for vaccinia (Copenhagen strain) and 61.5 for Z. mays. The bp is 197 361 for vaccinia (strain vTF7.3) and 140 387 for Z. mays.
Isolation of total tissue DNA Maize tissue was harvested and washed with 0.5% sarkosyl as described above for chloroplast isolation, then quickly frozen in liquid N 2 and stored at -80°C. Frozen tissue was ground to a fine powder with a mortar and pestle. Total tissue DNA was prepared using the PhytoPure Nucleon resin system (GE Biosciences). Quantification of the DNA was performed using a QuantIT system (Invitrogen) and a Perkin Elmer Victor 3 V multi-mode plate reader.
Restriction digestion and blot hybridization
Total tissue DNA (0.75 or 0.9 lg) was digested with the cytosine (CpG) methylation-sensitive enzymes ClaI and SmaI and the CpG methylation-insensitive enzymes BamHI and XbaI for 2-3 h according to the manufacturers (New England Biolabs) instructions. The digested DNA was fractionated by conventional gel electrophoresis using 0.6% agarose (w/v) in 0.53 TBE (45 mM TRIS-borate, 1 mM EDTA pH 8), blotted to N + nylon membrane using alkaline transfer conditions (0.6 M NaCl/0.4 N NaOH), and the membrane was neutralized with 23 SSPE (300 mM NaCl, 20 mM NaH 2 PO 4 pH 7.4, 20 mM EDTA). PCR was used to generate the hybridization probes: a 721 bp rbcL (nt 56862-57582), a 664 bp psbA (nt 427-1090), and a 950 -bp 17S/18S rRNA gene fragment from maize total tissue DNA and the primers pairs: ZmrbcL-L2 5#-TGTAGGGAGGGACTTATGTCACCAC (forward)/ ZmrbcL-R2 5#-TGATTTCACCAGTTTCGGCTTG (reverse), ZmpsbA-L2 5#-CCTGACCAAATTTGTAACCC (forward)/ZmpsbA-R2 5#-ATAACTAGCACCGAAAACCG (reverse), and Zm18S-L1 5#-GCAAATTACCCAATCCTGAC (forward)/Zm18S-R1 5#-AAATCGCTCCACCAACTAAG (reverse), respectively. The PCR products were purified using a QIAquick PCR cleanup kit (Qiagen) to remove the total tissue DNA template. A single PCR product from each primer set was verified by agarose gel electrophoresis, with and without digestion using an enzyme with a single recognition site. The probes were labelled with digoxigenin (DIG) by random priming (Roche). Prehybridization of the membrane was performed for 2-4 h in 53 SSC (203 SSC is 3 M NaCl; 0.3 M citrate, pH 7.4) and 3% blocking solution at 67°C, followed by overnight hybridization with ;15 ng ml À1 probe in 53 SSC/3% block at 67°C. The membrane was washed twice for 5 min in 23 SSC/0.1%SDS at room temperature and twice for 15 min in 0.23 SSC at 58°C. Alkaline phosphatase DIG Fab and CDP-Star (Roche) was used to detect the hybridization and the signals were quantified using scanned images of the X-ray film exposures and NIH ImageJ software.
Real-time quantitative PCR (qPCR)
For real-time qPCR, amounts of DNA ranging from 0.59 pg ll À1 to 0.59 ng ll À1 for cpDNA, 21 pg ll À1 to 2.1 ng ll À1 for nuclear DNA, and 2.5 fg ll À1 to 2.5 ng ll À1 for lambda DNA were used to generate standard curves for determining the concentration of DNA present in the total tissue. The forward primer 5#-TTGCGGTCAATAAGGTAGGG-3# and reverse primer 5#-GTGTGCTTGGGAGTCCTTG-3# were used to amplify a 178 bp fragment including part of the chloroplast psbA gene and an intergenic region (nt 1018-1196). The forward primer 5#-GCTCCTCACAGGCTCATCTC-3# and reverse primer 5#-AGGCGGACCTTTGCACTT-3# were used to amplify a 156 bp fragment of the nuclear adh1 gene (nt 1103-1259). The forward primer 5#-CTGCTGGCCGGAACTAATGAATTTATTGGT-3# and the reverse primer 5#-ATGCCACGATGCCTCAT-CACTGTTG-3# were used to amplify a 150 bp fragment of lambda DNA (Rutledge and Stewart, 2008) . Amplification was performed using iQä SYBR Green Supermix I (Bio-Rad, Mississauga, ON, Canada) and 1 ll template DNA in a 25 ll reaction mixture containing 0.12 lM primers. Three replicates of each standard and each sample were included in each of the real-time qPCR technical replicates. Following an initial denaturation at 94°C for 2 min, 45 cycles of 15 s denaturation at 94°C, 15 s annealing at 55°C, and 20 s extension at 72°C were performed and amplification of the reactions monitored using the Chromo 4 real-time detection system (Bio-Rad Laboratories, Hercules, CA). A melting curve from 65°C to 95°C was used to confirm the presence of single products. Data were analysed using the Opticon Monitor 3 software (Bio-Rad Laboratories, Hercules, CA), and the amount of DNA in each of the unknown samples was determined in pg ll À1 . There are approximately 6490 copies pg
À1
of the chloroplast genome, 410 copies ng À1 of the nuclear genome, and 19 copies fg À1 of the lambda genome. The copy number of cpDNA relative to nuclear DNA was calculated using both the 2 ÀDCt method (Livak and Schmittgen, 2001; Pfaffl, 2001 ) and the standard curves.
Accession numbers
Sequence data from this article can be found in the EMBL/ GenBank data libraries under accession numbers X86563 for Z. mays chloroplast genome, M32984 for Z. mays adh1 gene, and K02202 for Z. mays 17S/18S rRNA gene.
Results
Chloroplast DNA change with development in maize cultivars and Zea species A decline in the amount and molecular integrity of cpDNA during cell and plastid development was previously reported for the Z. mays hybrid cultivar Mycogen 2722 (Oldenburg and Bendich, 2004b; Oldenburg et al., 2006) . Different maize cultivars and related species were examined here to determine whether the massive loss of cpDNA is common in the genus Zea. The size, cpDNA content, and autofluorescence from chlorophyll were assessed for individual plastids isolated from the stalk and the first leaf (L1) blade for the hybrid 2722, inbred lines B73 and W22, Z. mexicana (an annual species), and the perennial Z. diploperennis. Ten to twenty seedlings of each type were pooled for the plastid preparations.
Mature, green chloroplasts were isolated from the entire L1 leaf blade of the following seedlings: 11 d B73, 12 d 2722 and W22, and 11 d Z. mexicana and Z. diploperennis. Both the amount of DNA per chloroplast and the chlorophyll content per chloroplast were similar among all of these seedlings (experiment 1; Table 1 ). All five sets of seedlings were at an equivalent developmental stage as indicated by the full expansion of the L1 leaf blade and the formation of the ligule between the sheath and blade (Fig. 1A) . For the L1 blade, there was little difference in plastid autofluorescence and size among these plants, and all showed a broad size range (about 4-fold) ( Table 1) . The average genome copy number varied from 110 to 173 per plastid among the five Zea plants, with undetectable levels of cpDNA in some plastids. The data compiled from five independent experiments with B73 showed variability in the average copy number per plastid (51 to 173) for the expanded L1 blade. There was no correlation between plant age and copy number per plastid in the L1 blade between 8 d and 12 d. In general, all five Zea plants contained similar amounts of cpDNA per plastid (the overall average was 108 copies per plastid).
In the stalk, the undifferentiated plastids for all the plants were, as expected, smaller in size with less autofluorescence than those of mature chloroplasts from the L1 leaf blade (Table 1 ). There was a broad range in DNA content of the individual proplastids and developing plastids from the stalk for all five sets of seedlings. For B73, the average cpDNA content of the stalk plastids was significantly higher than for the other two Z. mays cultivars, which may be due to the significantly larger plastid size for B73 (experiment 1; Table 1 ). In general, small proplastids (2-6 lm 2 ) have less DNA than the larger developing plastids (7-16 lm 2 ). For the two species, genome copy number per plastid was lower than for the three cultivars. These results and our previous findings (Oldenburg and Bendich, 2004b) suggest that genome copy number is more dependent on plastid size and tissue section for plastids in the stalk than for mature chloroplasts in the L1 blade.
To compare the three Zea species further, plastids were analysed along a developmental gradient, from the base of the stalk to the tip of the leaf blade. Plastids were isolated from four sections-bottom, middle, and top of the stalk, and entire L1 leaf blade-of 9 d Z. mays B73 and 10 d Z. mexicana and Z. diploperennis seedlings ( Fig. 1B-D ; Table 2 ). Similar developmental trends were found for all three species. The plastid size increased progressively from the bottom of the stalk (average of 6-10 lm 2 ) to L1 leaf blade (32-44 lm 2 ) ( Table 2) . For all three species, genome copy number per plastid increased from the bottom of the stalk, reached the highest value at the middle of the stalk, and then decreased to the lowest value in the L1 leaf blade. Our results show a common pattern of plastid development and cpDNA replication/degradation for both annual and perennial Zea species.
Light-stimulated decline of maize cpDNA
It was shown previously that the cpDNA level of maize seedlings (Z. mays hybrid 2722) grown in the dark is substantially higher than in light-grown plants . In addition, the cpDNA level decreased after dark-grown seedlings were transferred to light and the etioplasts developed into photosynthetically active chloroplasts. Specifically, 3 d after dark-grown seedlings were transferred, the cpDNA content had declined to levels equivalent to those of light-grown seedlings. To determine how rapidly cpDNA degradation occurs after exposure of dark-grown seedlings to light, cpDNA levels were measured for seedlings harvested at several time points after transfer from dark to light.
Maize seedlings (Z. mays B73) were grown for 9 d or 10 d in the dark, then transferred to light for time periods ranging from 15 min to 72 h. Seedlings were also grown in either 16/8 h light/dark cycles or continuous dark for 9-12 d. The light-grown plants were erect with dark green leaves, whereas dark-grown seedlings were prostrate with pale yellow leaves. After dark-to-light transfer, the leaf colour changed from pale yellow to dark green, which was accompanied by a microscopically observed change in plastid appearance, from colourless etioplast to green chloroplast. For each growth condition in two independent experiments, plastids were isolated from the entire L1 leaf blade and analysed.
The green chloroplasts isolated from the L1 leaf blade of light-grown seedlings were larger (Figs 2F, 3A) and had a lower DNA content than etioplasts from dark-grown seedlings ( Figs 2B, 3B ). In addition, the intensity of the plastid autofluorescence, primarily due to chlorophyll, was higher in plastids isolated from light-grown than darkgrown plants (Fig. 2D) .
The cpDNA content of the dark-to-light-transferred seedlings increased slightly soon after transfer, remained at a high level from 1-4 h, and then declined rapidly ( Fig. 2A) . Within 6 h after the transfer, the cpDNA content had dropped by 50% of the highest level and by 24 h had fallen to the same level as that in light-grown seedlings ( Fig. 2A) . There was little change, however, in plastid size after darkto-light transfer (Fig. 2E ) and no correlation between average plastid size and cpDNA content (Fig. 4A ), a finding that had been noted previously for green chloroplasts of light-grown plants (Oldenburg and Bendich, 2004b) . Following dark-to-light transfer, the intensity of the plastid chlorophyll autofluorescence rapidly increased from the low level of dark-grown etioplasts to levels equivalent to those of light-grown chloroplasts (Fig. 2C) . Figure 4B shows that there is a linear correlation (R¼0.87) between the increase in average plastid autofluorescence and the decrease in average genome copy number per plastid.
Highly variable properties of plastids may not be apparent when comparing averages in a population. In a given tissue sample, the range among individual plastids can be quite broad for size, chlorophyll autofluorescence, and genome copy number (Table 3 ). There is a generally positive correlation between cpDNA content (copy number) and plastid size (Fig. 3) because size is one of the variables used to calculate genome copy number; DAPI-DNA g The data are from six independent experiments: the numbers (1-5) indicate data from the same experiments, the number 6 indicates data from (Oldenburg and Bendich, 2004b) .
h Plastids were isolated from the entire fully-expanded first leaf blade, except for experiment 6 where a 0.5 cm section from the centre of the L1 blade was used. For experiment 1: plastid size is not significantly different among all five plants (P¼0.097). Autofluorescence for B73, W22, and Z. mexicana is significantly different from 2722 and Z. diploperennis (P <0.010). Genome copy number is not different among B73, W22, Z. mexicana, and Z. diploperennis (P ¼ 0.240); 2722 is different for B73 and Z. mexicana P¼0.014), but not for W22 and Z. diploperennis (P¼0.352). For experiment 2: plastids were isolated from the fully-expanded first leaf blade. Copy number and size of individual plastids are shown in Fig. 1 . For experiments 3-5: Plastids were isolated from the fully-expanded first leaf blade. For experiment 3 copy number and size of individual plastids are shown in Fig. 3 and the averages are also included in Table 3 and shown in Fig. 2 .
i For experiment 1: Plastids were isolated from the bottom one-third of the stalk for the three Z. mays varieties and the bottom one-half of the stalk for Z. mexicana and Z. diploperennis. Plastid size, autofluorescence, and genome copy number for B73 are significantly different (P <0.0001, P <0.0004, and P <0.0001, respectively) from the other four plants. Autofluorescence and genome copy number, but not the size, for W22 and 2722 are significantly different (P <0.0045, P <0.0037, and P¼0.604, respectively) from Z. mexicana and Z. diploperennis. For experiment 2: plastids were isolated from the bottom one-third of the stalk for Z. mays B73, Z. mexicana and Z. diploperennis. Copy number and size of individual plastids are shown in Fig. 1. fluorescence is the other variable (see the Materials and methods). For two plastids with an equivalent DAPI-DNA fluorescence, the larger plastid has a larger genome copy number. Figure 4C shows that individual plastids with high chlorophyll autofluorescence can have a high cpDNA content, and plastids with low autofluorescence can have a low cpDNA amount. For example, each of three plastids from 6 h dark-to-light seedlings had 1100 to 1200 copies, but their relative autofluorescence intensity (aRfl) values differed substantially (approximately 220, 300, and 560), and in 8 h dark-to-light, three plastids with ;100 copies had aRfl values of approximately 130, 320, and 500 (arrows in Fig. 4C ).
In summary, cpDNA content, as determined per plastid based on DAPI-DNA fluorescence, declines rapidly after the exposure of dark-grown plants to light. Furthermore, the time-course of cpDNA change during the etioplast-tochloroplast transition in maize has been established, which may then be a useful model system for more in-depth studies of the mechanisms and proteins, such as RecA, that regulate cpDNA replication and degradation.
Light-stimulated change in cpDNA content obscured by nupt DNA In addition to DAPI-DNA fluorescence, two other methods (blot hybridization and real-time qPCR) were used to assess cpDNA content for maize seedlings grown in light, dark, and after dark-to-light transfer. It should be noted that the former method measures DNA per plastid, whereas the two latter methods measure total tissue cpDNA with respect to nuclear DNA. Chloroplasts were also isolated for DAPI-DNA analysis from the same plants (see Supplementary  Fig. S1 at JXB online).
Total tissue DNA (nuclear, mitochondrial, and chloroplast) was prepared from L1 leaves of 11 d maize seedlings grown under 16/8 h light/dark cycles, continuous dark, and 10 d in the dark followed by 1 d in the light (see the Materials and methods). The DNA was digested with cytosine methylation-sensitive and methylation-insensitive restriction enzymes, fractionated by gel electrophoresis, blotted, and hybridized with chloroplast-specific and nuclear-specific probes. A single PCR product was generated with the primers used to create the chloroplast-specific probes, as shown by agarose gel analysis (see Supplementary Fig. S2 at JXB online). With a methylation-sensitive enzyme, undigested nuclear DNA was found in a single band at the compression zone (cz) that hybridized to the 17S/18S rRNA nuclear gene probe (band 4 in lanes 11-13 of Fig. 5A ). A single band (band 5 in lanes 8-10) was found using the same probe and a methylation-insensitive enzyme, indicating complete digestion of the nuclear DNA. With the methylation-insensitive enzymes, chloroplast-specific probes hybridized to multiple fragments, only one of which comes from the chloroplast genome (bands 1 and 2 in Supplementary Fig. S3A at JXB online), and the others come from the nuclear genome. For methylation-sensitive enzymes and both rbcL and psbA gene probes, two bands of hybridization were found: band 1 represents undigested, methylationsensitive nuclear DNA (nupts) and band 2 (or band 3) represents digested cpDNA (Fig. 5A) . Interestingly, the hybridization signal was much greater for the nupts than the DNA located in the plastids (the authentic cpDNA), which represented only 5-15% of the total hybridization signal (Fig. 5B) . Similar findings were obtained with blothybridization ( Fig. 5C ; see Supplementary Fig. S3 at JXB online) of total tissue DNA from the same seedlings used for the dark-to-light time course assessment of copy number Change in plastid DNA with development | 2721 per plastid (Figs 2, 3 ). There was essentially no difference in the amount of cpDNA relative to nupt DNA among the light, dark, and dark-to-light treatments.
The relative copy number of cpDNA per haploid nuclear genome was determined using qPCR and primers for the chloroplast-specific psbA and nuclear-specific adh1 genes (see Supplementary Fig. S4 at JXB online; Materials and methods; the nuclear ploidy is ;3; Oldenburg et al., 2006) . Two preparations of total tissue DNA (biological replicates) were prepared from a single group of seedlings grown in the light, dark, and 24 h after dark-to-light transfer. For the dark-to-light time course, three biological replicates of total tissue DNA were used. The copy number range was between 1000 to 2200 psbA/adh1 for all the samples tested . Light-and darkgrown control seedlings were harvested and plastids were isolated either at the same time as dark-grown seedlings were transferred (time 0¼day 9 or 10) or at the end of the transfer period (time 24 or 72¼day 11 or 12, respectively).
and there was no apparent difference among growth conditions, notably no change upon the transfer of seedlings from dark to light. These results contrast sharply with those obtained for cpDNA per plastid (Fig. 2) , where cpDNA levels are high in the dark and decline dramatically after transfer to light. As discussed in detail below, the lack of observable change in cpDNA per cell using qPCR may be due to nupt DNA that obscures detection of the change in cpDNA that occurs in the plastids.
Discussion
The pattern found for change in cpDNA content, initially increasing as proplastids develop and then declining in mature chloroplasts, is common among Zea species and is likely to be an intrinsic process associated with chloroplast maturation, not a consequence of domestication. The decline in cpDNA levels upon exposure to light is rapid and inversely proportional to the increase in photosynthetic capacity. The discrepancy between greatly changing DNA per plastid and constant 'cpDNA' per cell may be attributed to the large amount of cpDNA sequences within the nuclear genome. Thus, DNA per plastid is a more reliable measurement when assessing changes in the levels of cpDNA that might encode plastid gene products. DNA per plastid also provides information on the variation among individual plastids that would be lost when averaging population data.
Zea species, plastid development, and cpDNA content It was found that the amount of cpDNA in mature chloroplasts from the fully-expanded first leaf blade is similar for three maize cultivars and two other Zea species: about 110 genome equivalents per plastid, on average. Among individual maize plastids, however, remarkable heterogeneity was found in both DNA content and plastid size. It was also found that the cpDNA content increases and then declines from the base of the stalk to the tip of the leaf blade for the maize hybrid Mycogen 2722 , inbred B73, the annual Z. mexicana, and the perennial Z. diploperennis. It is also shown that the presence of mature chloroplasts with very low or undetectable cpDNA levels is a common property of these Zea species. Table 3 for additional statistical information.
The proportion of fully mature chloroplasts will vary as seedlings develop, and seedlings were examined at different stages of development. For Zea seedlings of 8-12-d-old, there was no correlation between seedling age and average genome copy number per plastid in the fully expanded L1 blade (Table 1 ). The average genome copy per plastid ranged from 39 to 173 among lines and species (with an average of ;110). While this amount of variation may seem surprising, there is no a priori reason to expect uniformity, given the enormous variation found for individual plastids and the following considerations. First, the increase in copy number may be used to provide sufficient ribosomes for the developing plastid via genome amplification, with incidental co-amplification of most plastid genes that are not needed in high copy number (Bendich, 1987; Rogers et al., 1993) . This genome amplification is evidently neither strictly controlled nor efficient, resulting in many more copies than required for the maturation of some individual plastids. Such 'sloppy' control of copy number also applies to the degradation of presumably damaged DNA in mature chloroplasts (see below). Second, the concept of an 'average cell', or in this case an 'average chloroplast', may be an inaccurate and misleading description of this biological system (Levsky and Singer, 2003) . Thus, variation in average copy number per plastid is not at all surprising.
To summarize, annual and perennial Zea species show a common pattern of plastid development and cpDNA replication and degradation, with cpDNA declining to undetectable levels in many mature chloroplasts. The decline depends on light, as shown by the dark-to-light transfer experiments (Table 3 , discussed below).
Changes in plastids following dark-to-light transfer
In etioplasts of dark-grown maize seedlings, cpDNA levels are ;10-fold higher than in mature chloroplasts of plants grown in the light. Upon illumination, the already high level of cpDNA in maize etioplasts increases slightly and then declines rapidly, eventually reaching low cpDNA levels equivalent to those found for the light-grown seedlings. Light also causes a rapid increase in plastid autofluorescence (chlorophyll) during the time when cpDNA is decreasing. The etioplasts enlarge relative to proplastids , with the size of mature chloroplasts equal to that of etioplasts, but smaller than chloroplasts of light-grown plants (Table 3 ). The high level of cpDNA in dark-grown plants suggests that replication is not restricted to the meristem and expanding cells, but that even the expanded leaf blade has the capacity for cpDNA replication. Why, in the dark, do the plants maintain cpDNA replication and suppress cpDNA degradation until they receive light? Why, after transfer to the light, does the cpDNA content first increase before dropping precipitously? As discussed below, the high level of cpDNA in the dark is probably maintained to supply the abundant transcripts necessary for chloroplast maturation. Furthermore, the time-course for cpDNA decline coincides with greening and photosynthesis, suggesting that damage to cpDNA during photosynthesis may compromise its function as a template for transcription, so that the cpDNA is then degraded.
Aspects of leaf growth and development can influence the etioplast-to-chloroplast transition independently from the greening effect of light. Cell division (accompanied by plastid division), leaf morphology, and blade expansion are similar in light-and dark-grown maize seedlings. The proplastid-to-etioplast transition involves many of the changes seen during plastid development, such as the production of membranes (the prolamellar body) and pigment precursors (Biswal et al., 2003) . Plastid size increases from proplastids at the base of the maize stalk (Tables 1, 2) to etioplasts in the leaf blade (Tables 3, 4) . There is very little size increase after transfer to the light, however, indicating that plastid size was determined during cell growth, rather than by light. The cpDNA level in maize etioplasts is higher Fig. 4 . Genome copy number per plastid, plastid size, and chlorophyll autofluorescence. B73 maize seedlings were grown in continuous dark for 9 d and then transferred to 16/8 h light/dark cycles for 15 min to 24.5 h. The mean value with standard error (Table 3, (;700 genome copies per plastid), than in proplastids (;160 copies). Thus, cpDNA replication is also controlled primarily by cell growth, and the high level of cpDNA in etioplasts presumably 'anticipates' the demand for photosynthetic gene expression upon illumination. Upon light stimulation, the increase in level of some maize plastid transcripts and proteins begins before 2 h (Bedbrook et al., 1978; Rodermel and Bogorad, 1985; Zhao et al., 1999; Lonosky et al., 2004) , the point at which chlorophyll begins to increase (Rodermel and Bogorad, 1985) . After reaching a maximum a few hours after illumination, the transcript level for many plastid genes declines. By 24 h, plastid autofluorescence (from chlorophyll) reaches its maximum, remains constant, and is equivalent to that found in lightgrown seedlings (Fig. 2) . Thus, within ;24 h of illumination, the etioplast has matured into a fully green chloroplast, and high levels of cpDNA are no longer necessary.
The rapid decline of cpDNA in greening chloroplasts is probably due to cpDNA degradation, not dilution by plastid division, because the plastid number per cell is similar in light-grown, dark-grown, and dark-to-light-transferred oat seedlings (Hashimoto, 1989) as well as in light-and darkgrown wheat seedlings (Miyamura et al., 1990) . The results for dark-to-light-transferred plants (Fig. 2) and nongreening maize mutants indicate that cpDNA is degraded only after the onset of photosynthesis. How might a cell 'decide' to abandon its cpDNA?
If oxidatively damaged human mtDNA molecules are not repaired, they are usually degraded (Shokolenko et al., 2009) and an analogous purging of defective cpDNA may operate in maize chloroplasts. Photosynthetic electron transport unavoidably produces reactive oxygen species (ROS) that can lead to DNA damage (Ivanov and Khorobrykh, 2003; Pitzschke et al., 2006) . A signal Table 3 . Plastid size, autofluorescence, and genome copy number for plastids isolated from entire L1 leaf blade from light-and darkgrown and dark-to-light transferred Z. mays B73 seedlings ) 6standard error and (range) are given. c Relative autofluorescence intensity (aRfl) value. The mean intensity 6standard error and (range) are given. d Genome copy number per plastid 6standard error are given. e Percentage of plastids with no detectable DAPI-DNA fluorescence. f For dark-to-light, plastid size is significantly different from light-grown plastids in all cases (P <0.0001). Autofluorescence genome copy number is different in all cases (P <0.0001), except 24.5 h (P¼0.038; P¼0.295, respectively). Plastid size is not significantly different from darkgrown plastids in all cases (P¼0.032), except for 0.25 h (P< 0.003). Autofluorescence is significantly different in all cases (P <0.0001), except for 2 h (P¼0.075). Genome copy number is significantly different from dark-grown plastids in all cases (P <0.0001), except for 0.25 and 0.5 h (P¼0.874).
Change in plastid DNA with development | 2725 emanating from damaged cpDNA might be sent to the nucleus. If cpDNA is still needed, 'repair' would be the response. In older parts of the leaf, damaged cpDNA would be degraded and its nucleotides recycled for other purposes, rather than continue an energy-requiring repair process. One possible outcome of this plastid-nucleus communication is a reduction in expression and/or activity of plastidtargeted RecA, a protein involved in DNA repair in bacteria (Cerutti et al., 1992; Kuzminov, 1999; Nakazato et al., 2003) . Thus, the lack of RecA-mediated repair would, by default, result in the degradation of unrepaired DNA in chloroplasts, as occurs in bacteria (Skarstad and Boye, 1993) . It was recently reported that a mutation in the plastid-targeted Arabidopsis cpRecA gene resulted in an altered structure and reduced amounts of cpDNA (Rowan et al., 2010) . Why does the same signal (light) lead to cpDNA destruction that is massive in Zea species but minimal in tobacco? One possibility is a difference in how plants respond to cpDNA damage caused by ROS. For example, RecA expression (or activity) may persist in mature chloroplasts of tobacco whereas, for maize plastids, RecA activity is maintained in the dark but declines after exposure to light.
Assessment of chloroplast DNA per plastid and per cell
The amount of cpDNA can be determined either as DNA per individual plastid (using DAPI-DNA fluorescence) or as cpDNA per cell (using total tissue DNA for blot hybridization and qPCR), and these alternatives have led to controversy over the methods used to assess cpDNA content (Li et al., 2006; Zoschke et al., 2007; . Although this controversy was addressed previously (Shaver et al., 2006; , two points warrant additional consideration: plastid autofluorescence in the DAPI-DNA assay and the presence of chloroplast sequences within the nuclear genome.
For dark-to-light-transferred maize plants, plastid autofluorescence increases as average genome copy number per plastid decreases (Fig. 4B ). There are two alternative explanations for this inverse relationship. First, the etioplast-to-chloroplast (and proplastid-to-chloroplast) transition is accompanied by increased chlorophyll production and degradation of cpDNA. Second, the cpDNA is not degraded after dark-to-light transfer, but its presence is not detected because the increase in plastid pigments 7) . (A) DNA was digested with the cytosine (CpG) methylation-sensitive enzymes SmaI (lanes 2-4, 11-13) and ClaI (lanes 5-7) and the CpG methylationinsensitive enzyme XbaI (lanes 8-10) and hybridized to DIG-rbcL (lanes 2-4), DIG-psbA (lanes 5-7), and 17S/18S rRNA (lanes 8-13) gene probes. Size standards in kb are shown in lane 1. Band 1 is in the compression zone (cz) and contains nuclear DNA (nupts) that is not digested by these enzymes. The cpDNA is digested and appears in band 2 (6.1 kb including the rbcL gene) and band 3 (3.2 kb including the psbA gene). Band 4 is in the cz and is undigested nuclear DNA and band 5 is digested nuclear DNA. (B) For lanes 2-7, the percentage of the total hybridization signal for nupt (band 1) and cpDNA (band 2, rbcL; band 3, psbA) was determined (see the Materials and methods). (C) Total tissue DNA was prepared from the L1 leaf blade of B73 maize seedlings grown in 16/8 h light/dark cycles, continuous dark, and continuous dark for 10 d followed by light for the number of hours indicated (for example, 0.5 h for D-L 0.5). DNA was digested with methylation-sensitive ClaI and hybridized with DIG-psbA (see Supplementary Fig. S2 at JXB online and the Materials and methods). The percentage of the total DIG-psbA hybridization signal for nupt and cpDNA was determined for each sample (except for Light Day 10 because of an imperfection on the blot).
(chlorophyll) masks or quenches the DAPI-DNA signal. The first explanation is probably correct for the following reasons. The lack of masking from chlorophyll autofluorescence is best illustrated by individual maize plastids, for which there is no correlation between autofluorescence intensity and cpDNA content. For example, three plastids each with a chlorophyll autofluorescence value of ;300 units had cpDNA measured as either undetectable, ;100, or ;1100 copies (triple, double, and single arrows in Fig.  4C ). In a previous study, when cytological analysis was conducted with tissue sections in situ, most chloroplasts from mature leaves of adult maize plants, but not from the stalk of juvenile seedlings, contained no detectable DAPI-DNA. Plastid autofluorescence, however, was clearly evident in both tissues (Fig. 4 in Shaver et al., 2006) . In addition, mature chloroplasts in fully expanded tobacco leaves exhibited high chlorophyll autofluorescence and high DAPI-DNA fluorescence (Shaver et al., 2006) . Thus, DAPI-DNA fluorescence is a reliable method to assess cpDNA content and its decline during chloroplast development, and plastids with no measurable DNA are not artefactual. The etioplast-to-chloroplast (and proplastid-to-chloroplast) transition is accompanied by increased production of chlorophyll and degradation of the cpDNA.
For chloroplasts in individual zygotes of Chlamydomonas (Nishimura et al., 2006) and isolated chloroplasts of Arabidopsis (Rowan et al., 2007; , cpDNA content measured by DNA fluorescence correlated with measurements made using qPCR. Why then, in the present study, is there a discrepancy in results obtained using DAPI-DNA fluorescence and those using blot hybridization and qPCR with total tissue DNA? A probable explanation is nupt DNA obscuring the change in cpDNA when assessed using total tissue DNA. For maize, large amounts of both nupt and numt DNA are found in >3 kb segments (as well as numerous smaller inserts) and appear to include the entire genomes of both organelles (Lough et al., 2008; Roark et al., 2010) . There was also considerable variation in the amount of nupts and numts when several inbred lines were compared, with B73 having the highest amount of nupts among the 10 inbred lines examined. What effects could the nupts and numts have on the assessment of cpDNA content using total tissue DNA?
For blot hybridization, either DNA from isolated plastids or total tissue may be used. Using total tissue DNA, no difference was found among growth conditions with blot hybridization, but a large difference using DAPI-DNA. Cytosine methylation-sensitive restriction enzymes were used that should allow distinction between cpDNA and nupts by blot hybridization, and one might expect to detect differences in cpDNA content among light-grown, darkgrown, and dark-to-light-transferred seedlings. This was not the case, however, and surprisingly, 80-95% of the hybridization signal with two cpDNA probes was associated with nupts. There are three explanations for the lack of sensitivity in detecting changes in cpDNA content using blot hybridization with total tissue DNA: (i) It is assumed that all of the nupt DNA is methylated and not digested by the restriction enzymes. If this is not the case, then both cpDNA and nupts are present in the restriction fragment(s), and nupts obscure any change in cpDNA content.
(ii) There is another potential source of restriction fragment DNA: mitochondrial sequences of plastid origin (mipts, following the nupts and numts terminology). For maize mitochondria, there are two major sites of cpDNA insertion (;4 kb and 12 kb) and both cpDNA probes used here (rbcL and psbA) are, unfortunately, present within these regions (Stern and Lonsdale, 1982; Clifton et al., 2004) .
(iii) The hybridization signal from undigested nupt DNA is much stronger than that from the cpDNA restriction fragment. Why is this, considering that a diploid cell contains two copies of the nuclear genome and multiple copies of the plastid genome? For some nupt sequences, there are multiple loci on both the same and different chromosomes. For example in B73, there are 13 loci for the region that includes the rbcL gene and eight loci for the psbA gene (Roark et al., 2010 ) (see Supplementary  Table S1 at JXB online). Furthermore, our BLASTN search reveals 80 sites for rbcL (>40-664 bp) and 97 sites for psbA (>40-680 bp). After digestion with methylation-insensitive enzymes, rbcL and psbA probes hybridize with many bands, only one of which represents authentic cpDNA (see Supplementary Fig. S3 at JXB online). Another assumption often made when comparing cpDNA copy number to nuclear DNA copy number (or per cell) is that all cells contain chloroplasts and all have similar amounts of cpDNA per cell. This is unlikely considering that, in maize, mesophyll and bundle sheath cells are the major cell types containing chloroplasts and other cell types (such as epidermal cells) have nuclei but either a few, small plastid initials or no (visible) plastids (Pyke, 2009) .
It is suggested that, in maize, the strong hybridization signal for nupts relative to cpDNA is due to multiple copies of nupts per cell and cells with nupts but little or no cpDNA. For other plant species, the nupts may or may not affect cpDNA assessment using total tissue for blot hybridization because the amount of nupts (and numts) varies considerably among the few species examined. In Chlamydomonas very little nupts or numts are found, whereas for Arabidopsis there are more numts than nupts, and for rice there are more nupts than numts (Richly and Leister, 2004) . Variation in nupts was also found when comparing Oryza sativa subsp. japonica, O. sativa subsp. indica, and Oryza rufipogon, with only O. sativa subsp. japonica containing a very large (;131 kb) insert of the plastid genome (Huang et al., 2005) .
The discrepancy between DAPI-DNA fluorescence and qPCR is also attributable to nupts for the same reasons given above for blot hybridization. Furthermore, the cpDNA (or mtDNA) region was typically chosen to have one end within a gene sequence and the other in an intergenic region. The purpose of this design was to avoid amplification of nupts (or numts), based on the idea that organellar DNA integration into the nuclear genome proceeded through reverse transcription of organellar mRNA (Nugent and Palmer, 1991; Henze and Martin, 2001; Kleine et al., 2009) . Considerable evidence, however, indicates that the primary mechanism of organellar DNA integration is through repair of double-stranded breaks by non-homologous end joining (Noutsos et al., 2005; Kleine et al., 2009; Hazkani-Covo et al., 2010) . Thus, amplification of both cpDNA and nupts would be expected regardless of whether the primers were designed to amplify a genicintergenic segment of the plastid genome, and developmental differences in plastid-located cpDNA per cell could be obscured by nupt amplification. The design of primers specific for cpDNA (and not nupt DNA) may be difficult for maize because, essentially, all plastid genome sequences are found in the nuclear genome.
Concluding remarks
The maturation of maize chloroplasts requires light. Light first triggers a modest increase in cpDNA content, but then a sharp decline in cpDNA as the plastids begin to green. The decline may involve ROS and a lack of RecA-mediated repair, and mechanisms, which are as yet unclear, may emerge by studying the time-course for the etioplast-tochloroplast transition. It might be possible, for example, to use transgenic plants to monitor the appearance in plastids of fluorescently-tagged proteins (Sattarzadeh et al., 2010) involved in cpDNA replication and degradation, such as RecA.
Although the nupts and numts have been widely studied with respect to species distribution and the frequency of inter-organellar movement during speciation and development (Richly and Leister, 2004; Huang et al., 2005; Lough et al., 2008; Kleine et al., 2009; Hazkani-Covo et al., 2010; Roark et al., 2010) , quantitative aspects have received less attention. For maize, there is far more 'cpDNA' in the nucleus as nupts than in the plastids as authentic cpDNA that could provide gene products for the plastids. The large bias between non-functional and functional versions of cpDNA may affect interpretations of 'cpDNA' data obtained with total tissue DNA and either qPCR or blot hybridization. As shown in Fig. 5 , there is 5-10 times more nupt than cpDNA in both light and dark maize leaves. The presence of this organellar DNA within the nucleus may affect the measurement of organellar genome copy number and the assessment of homoplasmy of a plastid-targeted transgene (Swiatek et al., 2003) . The nupts and numts may also confound the identification and phylogeny of related species (Song et al., 2008) and the assessment of diseases caused by mutations in mitochondrial DNA (Hazkani-Covo et al., 2010) . The original discovery of 'chloroplast DNA' was made by identifying DNA within the chloroplast (Ris and Plaut, 1962) . Five decades later, we suggest that this standard be maintained.
